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ABSTRACT. Proton-pumping nicotinamide nucleotide transhydrogenase Eecherichia colicontains three
domains: the hydrophilic domains | and Ill harbor the binding sites for NAD(H) and NADP(H),
respectively, and domain Il represents the membrane-spanning region. Proton translocation involves
primarily domain Il but possibly also domain Ill, which contains the essefifap392 residue. In the
present investigation, the major portions of domain | (Ecoi&nd EcTH&2) and domain Il (EcCTHS1)

were overexpressed iB. coli and purified therefrom. EcTHH was purified mainly in its holoform
containing approximately 95% NADPand 5% NADPH. When combined, EcTH®EcTHSx2 and
EcTHS31 were catalytically active, indicating native-like structures. Due to the lack of structural
information and its possible role in proton pumping, EcPdSvas primarily characterized. Substrate-
binding characteristics and conformational changes were investigated by fluorescence and CD. Fluorescence
arising from the singl@Trp415 of ECTH®1 was quenched upon binding of NADPH by resonance energy
transfer, an effect that provides an important tool for investigating substrate interactions with this domain
and the determination dfq values. The apparent relative binding affinity for NADPH was found to be
about 50 times higher than that for NADP Circular dichroism was used to estimate secondary structure
content and for conformational analysis of ECT#HSn the absence and presence of added substrates at
various temperatures. Results show that domain 11l complexed with NADPH or NAdBpts different
conformations. Isoelectric focusing and native gel electrophoresis experiments support this finding. Itis
proposed that these structural differences play a central role in a conformationally-driven proton pump
mechanism of the intact enzyme.

Nicotinamide nucleotide transhydrogenases (EC 1.6.1.1) A H¥ Periplasm
catalyze the reduction of NADPby NADH and a concomi-
tant translocation of protons according to the reaction:

nH"_ 4+ NADH + NADP" =

out
" " Cytoplasm

nH",, + NAD" + NADPH
It is generally concluded that the value ofi"*is 1.

. NADH H* NAD*
Transhydrogenases from several different sources have been + +

. . . . . . . NADP* NADPH

isolated and reconstituted in liposomes, and their kinetic and

functional properties have been characterized. At present, B NAD(Hybinding  Transmembrane  NADP(H)
10 transhydrogenase genes have been cloned. All transhy- domain | domain I binding
drogenases are homologues, the overall amino acid sequence . a2 - 10
identity is about 23%, and they are generally homodimers. Bovine TS I
The major domains contain the two proposed substrate-bind- . 002 10231 270 196
ing sites, one for NAD(H) (domain I) and one for NADP- E.Tenella AN NG
(H) (domain l1), and the predicted 014 transmembrane “ a4 o510 51 w60 062
o-helices presumably forming a proton-conducting structure E. coll FTTTTTTTITTITTTNY
(domain Il) (Figure 1). Transhydrogenases are conforma-

- - . AA1 AA384 AB1 B1 B260 B464
tionally-driven proton pumps where the conformational states R. rubrum

are thought to be primarily regulated by the ligands/substrates AB25 ABI139

occupying the NADP(H) site, with the NAD(H) site provid- FIGURE 1. Schematic representation of the transhydrogenase

; ; ; ; ; structure (A) and domain organization (B) in various species. The
ing reducing equivalents for NADFreduction [for reviews, basic structural features are shown in (A). In (B), the domain

see Olausson et al. (1995) and Jackson (1991)]. organizations at the primary structure level of four representative
classes of transhydrogenasé&s ¢oli, bovine,R. rubrum andE.
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for proton pumping byE. coli transhydrogenase (Olausson Bacterial Strains and PlasmidsThe pntgene introduced

et al., 1995; Holmberg et al., 1994; Glavas et al., 1995). The in the pUC13 plasmid, giving a construct denoted pDC21
latter residue is located in the predicted helix 7 of this enzyme (Clarke & Bragg, 1985), was transformed irffo coli K12

and constitutes the only protonable residue identified in the strain TG1. Alternatively, thgpnt gene was introduced in
predicted membrane structure (Holmberg et al., 1994). Therethe pGEM-7Zf(+) plasmid, resulting in the construct denoted
is also an established functional coupling betwgétis91 pSA2 (Ahmad et al., 1992).

and the NADP(H) site. The pronounced conformational  Construction and Expression of the EcttiSand ECTHS2
change that normally accompanies binding of NADP(H), and Genes. A six residue long N-terminal histidine tag was
which leads to an increased sensitivity to trypsin, is introduced by insertional mutagenesis into transhydrogenase
maintained in the absence of added NADP(H) ingh®91K expressed from pDC21 by an overlap extension PCR
mutant (Glavas et al., 1995). It was subsequently showntechnique. The primers used in the mutagenesis were
that this mutant transhydrogenase contained bound NADP-constructed to insert (CACCAJBGT between the start
(H), and catalyzed a cyclic reduction of 3-acetylpyridine  codon andoArg2. A glycine after the six histidines was
NAD* (AcPyAD")! by NADH mediated by the bound introduced to make the His-tag more flexible and to introduce
NADP(H) (Glavas et al., 1995). In addition, the aspartic anNcd site. In addition, the codon farArg2 was changed
acid residuggAsp392 in domain Ill was found to be essential from CGA to CGT which is a more frequently used codon
for catalytic activity and proton pumping (Meuller et al., in E. coli. The wild-type sequence betwe€st and Xhd
1996). Thus, it was proposed that {hidis91 and3Asp392 was replaced with the PCR-produced fragment containing
residues constitute parts of the proton-conducting pathwaythe insertion. The new construct, called pNHis, was

(Meuller et al., 1996). sequenced over the replaced region with one T to G base
Following the cloning and characterization of the soluble substitution at a position 38 bases upstream of the start codon.
domain | of R. rubrumtranshydrogenase (Williams et al., The EcTH®1 gene was constructed from pNHis by

1994; Yamaguchi & Hatefi, 1994), this domain as well as a restriction enzyme cleavage witNad and Sma, both
somewhat smaller part of domain | from tEecoli enzyme yielding blunt ends. The cut vector was separated from the
(Diggle et al., 1995a,b; Yamaguchi & Hatefi, 1997) have fragment on an agarose gel and electroeluted onto DEAE
both been expressed i coli and found to be catalytically = membranes. Subsequent blunt end ligation yielded the final
active. Particularly the NAD(H)-binding site of domain | product. ECTH®&1 includes residuesMetl—aPro369 plus
has been characterized extensively (Diggle et al., 1995a;a 13 residue long non-native C-terminal tail with the
Bizouarn et al., 1996b), e.g., with regard to a mobile loop sequence GELEFTGRRFTTS. The plasmid containing insert
that is assumed to be involved in the binding of NAD(H) was transformed into TGE. coli cells by electroporation
(Bizouarn et al., 1996a; Diggle et al., 1996b). Domain Il using 1 mm cuvettes (BTX Inc., USA) and a voltage setting
has so far been less well characterized as such, especiallpf 1.2 kV. Plasmid DNA was isolated using the QIAprep
that from E. coli, despite the fact that this domain may Spin Plasmid Miniprep Kit (Qiagen, GmbH, Germany).
contain a residue directly involved in proton translocation.  In the case of ECTH&?2, which includes residuesMet1—
However, domains Ill from both beef heart (Yamaguchi & alLys394, the pNHis plasmid was used as template for
Hatefi, 1995, 1997) andR. rubrum(Diggle et al., 1996a; PCR amplification. Forward primer was GCT GCT
Yamaguchi & Hatefi, 1997) have been expressed and GCG GAT CCTTATTTT TCCTCAGTT TTCACTTC
isolated. They were found to be monomeric, contain (BanmHI recognition site underlined). Reverse primer was
stoichiometrically bound NADP(H), and catalyze a rapid M13 universal Rp. The PCR product was purified with the
cyclic reduction of AcPyAD by NADH mediated by the  QIAquick PCR purification Kit (Qiagen, GmbH, Germany),
bound NADP(H) in the presence &. rubrumdomain I. and the resulting fragment and the intact vector were cut
The present paper describes the overexpression of activevith BanHI and Ncd. The cut vector and fragment were
domains | and Il ofE. coli transhydrogenase in the same purified with the Qiaex Il Agarose Gel Extraction Kit
host and their purification and spectroscopic properties, with (Qiagen, GmbH, Germany), and the new fragment was
emphasis on domain lll. CD measurements and absorptioninserted by ligation. The final construct was transformed
spectroscopy reveal helical content and bound NADP(H), into TG1E. colicells by electroporation as described above.
respectively. The intrinsic fluorescence of domain Ill due  Purification of ECTH®&1 and ECTH8&2. TG1E. colicells
to the single3Trp415 residue in the vicinity of the NADP-  containing the modified pNHis plasmid were grown at 37
(H) site is quenched by NADPH and provides an excellent °C for about 16 h, harvested by centrifugation at 4000 rpm
probe for binding of NADPH to the enzyme and structural for 50 min at a temperature of 4C, using a 4.2 rotor in a

stability. Beckman J6-MC centrifuge. Cells were resuspended in
buffer A [10 mM sodium phospate (pH 6.2), 1.0 mM DTT],
MATERIALS AND METHODS using a volume of 5 mL of buffer/g of wet cells. The cell

suspension was homogenized and then applied to a French

Materials. NADP*, NADPH, NADP*, and AcPyAD press with the pressure set at® bar. Cell debris and
were purchased from Sigma Chemical Co., and NADH was membranes were removed by ultracentrifugation at 40 000
from Biomol (Hamburg, GmbH). Other biochemicals were rpm for 2.5 h at a temperature of°€, using either a Ti45

of analytical grade and purchased from Sigma or Boehringer-0r a Ti70 rotor in a Beckman L-60 ultracentrifuge. The
Mannheim. supernatant was applied to a DE32 anion-exchange column

equilibrated with buffer A. The column was washed with
! Abbreviations: DTT, dithiothreitol; AcCPyAD, 3-acetylpyridine- blflffer A containing 7.O.mM NaCl, and the sample'was el.med
NAD; R. rubrum Rhodospirillum rubrumE. tenella Eimeria tenella with buffer A containing 300 mM NaCl. Fractions with
E. acewulina, Eimeria acepuling; E. histolytica Entamoeba histolytica EcTHSx1 were pooled and concentrated by dialysis against
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polyethylene glycol 20M to about 80 mL. A sodium M NacCl, and 7 mM imidazole, and protein was eluted in an
phosphate (pH 6.2) solution contaigid M NaCl was added  imidazole gradient (#200 mM imidazole in 65 mL of buffer
to the sample to give a solution compatible with buffer B B). Fractions containing EcCTHR were pooled and con-
[10 mM sodium phosphate (pH 6.2), 0.8 M NaCl]. The next centrated using Filtron Macrosep 3K tubes (Pall Filtron.
step involved immobilized metal chelate affinity chroma- Corp., USA) to a volume of about 4 mL. The sample was
tography (IMAC). The sample was applied to a ZnSO applied to a Superdex G75 size exclusion column from
loaded Chelating Superose column from Pharmacia Biotech,Pharmacia Biotech equilibrated with a 10 mM sodium
equilibrated with buffer B. Impurities were removed by phosphate buffer (pH 6.0) containing 0.1 M NaCl.
washing with buffer B containing 1.8 M NiEI. EcTHSu1 Catalytic Actvity. Catalytic activities of domains | and
was eluted with an imidazole gradient{B0 mM imidazole )|, separately and mixed together, were measured by follow-
in 80 mL of buffer B). Pooled fractions containing ECTHE  ing the reduction of AcPyAD spectrophotometrically at
were concentrated to approximately 15 mL by a Centriprep- 375-455 nm in a Schimadzu UV-3000, using the absorp-
10 concentrator (Amicon Inc., USA), followed by extensive  tion coefficient 6100 mM* cmt (Palmer & Jackson, 1992).
dialysis against 10 mM sodium phosphate (pH 6.2) and 1 pMedium contained 25 mM sodium phosphate buffer (pH 7.1)
mM DTT. unless otherwise specified. Other conditions for the cyclic
EcTHSu2 was purified in a similar manner as described reduction of AcPyAD” by NADH in the presence of NADP-
above for ECTH&1, with the exception that ECTH& was  (H), and the normal reverse reaction (reduction of ACPyAD
eluted by an NECI gradient (6-1.5 M NH,Clin 50 mL of by NADPH), were as described (Zhang et al., 1997).

buffer B) in .the IMAC purification step. e CD MeasurementsThe purified ECTH&1 and EcCTHB1
pl‘;%]iztr\lljv(;;ogr?;stgﬁ EgTeﬁreGsi?oeﬁ ,?/ergtc:)cilfleﬂop dI?Jcsaff[ions proteins were extensively dialyze_d against 0.5 mM sodium
included insertion of an N-terminal His-hexémer removal ph_ospate (pH 7.0). Concentrations of the samples were
of the Ncal recognition site, and creation of ath site adjusted so that the_ total absorbance at 1QQ nm was within
C-terminally, aMlul recogni’tion sequence had been in.tro- the range 0.81.0 usig a 1 mmeuvette. Protein concentra-
duced as a ’unique cloning site. These modifications were tion was accura'tely determined spectrophotometncglly ona
' : Cary 4 UV-visible spectrophotometer by measuring the

performed by Dr. Kolmerer at EMBL (Heidelberg, Ger- absorbance at 280 nm in the present® o urea, using

many), and the plasmid was kindly given to us. the extinction coefficient 5690 M cm™ for tr
: yptophan, and
Th?. PSA2 plasmid was used as template for_PCR 1280 Mt cm! for tyrosine (Johnson, 1990).
amplification of the fragment corresponding to residues

BGIN286-pLeusd62. Forward primer was TTT CTC GAG ~_ Ihe CD spectra were recorded on a JASCO J-720
CCA GGA AGT GGG TGA GCA C Khd recognition site spectropolarimeter. Spectra _for structure (IjeFermmatlon, and
underlined). Reverse primer was TTT ACG CGT TAC for thermal denaturation studies (values within parentheses),
AGA GCT TTC AGG ATT (Mlul recognition site under-  Were r_ecorded with the f_ollo_wing instrumental settings:
lined). The PCR product was purified with the QIAquick Pandwidth, 2 nm (2 nm); slit width, auto (auto); response, 1
PCR purification Kit, and the resulting fragment and the S (1 8); starfl, 260 nm (260 nm); end, 185 nm (200 nm);
intact vector were cut witihd andMIul. The cut vector ~ S¢@n speed, 10 nnr’s(50 nm s™); step resolution, 0.5 nm
was purified with agarose gel electrophoresis followed by (0.5 nm); accumulation, 8 (8); temperature, ambient (vari-
extraction from the gel using a JETsorb DNA extraction kit aP!€). A 1 mm cell was used, and the compartment was
(Genomed, Germany), and the fragment was inserted byconstantly purged W|t_h nitrogen to minimize the absorption
ligation. The new construct was transformed into BL21- PY 0xygen. Calculation of secondary structure was based
(DE3) E. coli cells by electroporation as described above. On the method developed by Hennessey and Johnson (1981),
Purification of ECTH®1. BL21(DE3) E. coli cells later mod.|f|ed by Weisberg (1985). Azgrln and plasto_cyanln
containing the pET8c plasmid with insert were grown in had prewously.been added to the basis set of prot.el'ns' used
minimal media Current Protocols in Molecular Biology N the calculations (Wittung et al., 1994). To minimize
Wiley, New York). At an ORgoof 1.3, protein expression evaporation in the thermal denatl_Jranor_] experlments_,,zﬂ_oo
was induced by adding IPTG to a final concentration of 0.4 ©f mineral oil was added. Equilibration for 10 min was
mM in the medium 6 h after IPTG addition, cells were a!lowed at each temperature. CD data were expre.ssed as
harvested by centrifugation at 7000 rpm for 10 min at a différential absorption coefficientd\€ = ¢ — &) per amino
temperature of 4C, using a Beckman J2-MC centrifuge and 2acid residue, based on 389 and 186 residues for EGIHS
a JA10 rotor. Cells were disrupted by passage through an@nd ECTHB1, respectively.
X-press (AB Biox, Gteborg, Sweden), and resuspended in  Fluorescence MeasurementBEluorescence spectra were
buffer A [50 mM sodium phosphate (pH 8.0), 0.8 M NaCl, recorded on a SPEX Model FL1T®2 spectrofluorometer.
and 7 mM imidazole]. DNase was added, and cells were A cuvette with 10 x 10 mm cross section was used.
sonicated for 3x 1 min (5 s pulses) using a Branson Excitation and emission slit widths were 3.5 nm if not stated
sonicator, disintegrator B-12, at a power setting ef65 otherwise. Primary inner filter effects were corrected for
Unbroken cells were removed by centrifugation at 10 000 according to the equation; = IS5, x 10P¢edh (Kubista et
rpm for 10 min at a temperature of°€C, using a Beckman  al., 1994). The extinction coefficients used for NAD&nd
JA20 rotor. Cell debris and membranes were removed by NADPH at 280 nm were 3960 and 3427 Mcm™?,
ultracentrifugation at 40 000 rpmf@ h at atemperature of respectively. The instrumenthl factor (distance from the
4 °C, using a Beckman Ti70 rotor. The supernatant was point inside the cell at which luminescence is observed to
applied to a Ni-NTA column (Qiagen, GmbH, Germany), the entry cell wall) was determined to be 0.507 cm. The
equilibrated with buffer A. Washing was performed with secondary inner filter effect due to NADPH absorbance at
buffer B containing 50 mM sodium phosphate (pH 8.0), 0.1 339 nm was only approximately corrected for by applying
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Table 1: Activity Analysis of the Purified Soluble Domains EcTHS EcCTHSx1, and EcTH&22

activity [nmol mir?*
(mg of ECTHS1)™

reaction

activity [nmol min-t
(mg of ECTHS11)™Y]

activity [nmol min-t
(mg of ECTHS12)™Y]

reverse reaction

EcTHS1 + ECTHS31 27
EcTHSx1 + saturating ECTHS1 29
EcTHSx1 + saturating ECTHB1, pH 5.7 80
EcTHS2 + ECTHS31 42
EcTHSx2 + saturating ECTHS1 25
EcTHSx2 + saturating ECTHBL, pH 5.7 67
cyclic reaction
EcTHS1 + ECTHS31 23
EcTHSx1 + saturating ECTHS1 14
EcTHSx1 + saturating ECTHBL, pH 5.7 72
EcTHS2 + ECTHS31 25
EcTHSx2 + saturating ECTHS1 21
EcTHSx2 + saturating ECTHB1, pH 5.7 130

2
12
33
4
14
37
2
7
36
2
10
59

a Saturation of ECTHB1 to either ECTH81 or ECTHS:2 was achieved by addition of EcTIAS to the same reaction mixture. Similarly, to

analyze the pH dependence, addition of acid was titrated into the same solution. Therefore, the initial substrate concentration in each series of

measurements involving EcTIA% and EcTH®1 was 170uM, and approximately 125M substrate was present in the final measurement, e.g.,
for ECTHS1 + saturating ECTHBL at pH 5.7. The corresponding concentrations in the measurements involving 82FHECTHS51 were
approximately 10% higher. The concentration of both Ec@iH&nd EcTH®2 was 0.18 mg mt! in all experiments. Initial ECTH&L concentration
was 0.018 mg mt?, and 0.08 mg mL! at saturating concentration. Unless otherwise indicated, the pH was 7.1.

the same equation as for the primary inner filter effect, now
using the extinction coefficient 6200 M cm™X. The
medium contained 25 mM sodium phosphate (pH 7.1), and
the temperature was maintained at 20. For binding
studies, 15 min was allowed for equilibrium to be reached
after each addition of NADPH before the intensity at 339
nm was recorded for 5 s. This procedure minimized the
light-induced background decrease in quantum yield. It was
assumed that NADPand NADPH competed for the same
binding site and that NADPbinding was strong; therefore,
binding experiments were performed using at least a 10-
fold molar excess of NADPto EcCTH$31, so that data could
be analyzed analogous to competitive inhibition data. To
minimize the complications due to inner filter effects, binding
curves were only analyzed for NADPH concentrations up
to about 2.5«M.

Gel Filtration. A 25 mM sodium phosphate buffer (pH
7.1) containing 0.1 M NaCl was used. For analysis of
EcTHSx1 and EcTH®&2+EcTHS31, Sephacryl S300 resin

M 1 2 3
4

67 =

13 W -
30 - -
20

Ficure 2: SDS-PAGE representation of the purified protein
domains EcTH81, EcTHSx2, and EcTHB1. M denotes low
molecular weight markers; lane 1, purified EcTddIS(1.5uQ); lane

2, purified ECTH®2 (1.5u9); lane 3, purified ECTHSL (1.5u9).

The purification procedure is described under Materials and

(Pharmacia, Uppsala, Sweden) was chosen, and for analysidfethods. SDSPAGE was performed according to Laemmli (1970)

of only ECTH$1, Superdex G75 (Pharmacia) was used. The
columns were calibrated with Blue Dextran, bovine serum
albumin, ovalbumin, carbonic anhydrase, and cytochrome
for subsequent molecular weight determinations.
Determination of Protein ConcentratiorProtein concen-
tration was routinely determined optically, using the extinc-
tion coefficients for tryptophan and tyrosine as above,
yleldlng €EcTHSL = 23 470 Micmt andegcthse = 10 810
M~t cm™l. The modified Lowry method developed by

using a 12% polyacrylamide gel.

constructs, EcTH&1 and EcTH®2, and the domain llI
construct, ECTHB1, were performed as described under
Materials and Methods. In each case, approximatel§@
mg of recombinant protein per liter of culture was obtained,
with a purity greater than 90% as judged from SEFRAGE
gels (Figure 2). The theoretical molecular weights of
EcTHSx1, EcTHSx2, and EcTHB1 were 41.6K, 42.8K, and
20.4K, respectively. The apparent molecular weight of

Peterson (1977) and the bicinchoninic acid assay wereEcTHS31 as judged from Figure 2 was approximately 29K.

performed as complements, both with bovine serum albumin
as standard.

Gel Electrophoresis. Isoelectric focusing, native gel
electrophoresis, and SB®AGE were routinely performed
with the Pharmacia LKB PhastSystem. Gels and buffer strips

Also, SDS-PAGE using a 10% running gel and a 4%
stacking gel, both containjn3 M urea, was run, but no
mobility shift from the 29K position was detected (not
shown). At present, the reason for the odd mobility of the
solubleS subunit remains unknown.

were purchased from Pharmacia Biotech, Uppsala, Sweden. Catalytic Properties. Table 1 summarizes the results from

The Laemmli protocol (Laemmli, 1970) was followed for
complementary SDSPAGE.

RESULTS

Expression and Purification of EcTld$, ECTH®.2, and
EcTH®L1. Expression and purification of the domain |

the activity measurements. The data presented indicate that
both the combinations EcTH3+EcTHal and ECTHB1+
EcTHSx2 were catalytically active, and botta domains
displayed about equal catalytic potency. Ecti2Salone
catalyzed low reverse transhydrogenase and cyclic activities,
whereas EcTH&1 and EcTHH1 alone were inactive (not
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Absorbance

400

Wavelength (nm) - e - ‘-
FicUrRe 3: Optical spectra of ECTHEL, ECTHSx2, and ECTHB1.
The dashed line represents EcTdiS(1.2 mg/mL), the solid line
EcTHSx2 (1.7 mg/mL), and the dotted line ECTHS (1.2 mg/
mL). The level of purity was the same as that shown in Figure 2. e ar

shown). The maximal rates of the reverse transhydrogena-Ficure 4: Isoelectric focusing gel analysis of EcTBBIn the
tion reaction (reduction of AcPyADby NADPH) and of absence and presence of added substrates. Lane M, low p

the cyclic reaction [reduction of AcPyADby NADH in the calibration kit from Pharmacia; lane 1, ECTHB + 6.7 mM
Y [ Y y NADPH; lane 2, EcTHB1 without addition of substrate; lane 3,

presence of bound NADP(H); Glavas et al., 1995] for the ECTHS1 + 6.7 mM NADP. 4 ug of ECTHS1 was added to
reconstituted systems were 67 and 130 nmol{mg of each lane.

EcTHS31)7%, respectively. It may also be seen from Table
1 that the rates for the normal reverse reactions were coefficient 14 770 M cnt (€ecthgr = 10 810 Mt em?,
increased about 3-fold, and for the cyclic reaction about ¢\,pp+ = 3960 Mt cm %) at 280 nm, gave a protein
6-fold, as the pH was lowered from 7.1 to 5.7. Turnover concentration of 1.23 mg/mL. From this calculation and the
numbers for ECTHBL, in mixtures of ECTHB1 and  absorbance observed at 340 nm, it is concluded that
EcTHSx2 at pH 7.1 and pH 5.7, were approximately 0.009 approximately 95% of EcTH®L contained one bound
and 0.023 st for the normal reverse reaction, and 0.007 and NADP™ per monomer, and 5% harbored NADPH. To verify
0.044 s for the cyclic reaction, respectively. the presence of bound NADPthe strategy described by
Molecular Properties of ECTH8L and EcTHB1. Gel Diggle and co-workers (Diggle et al., 1996a) was adopted
exclusion chromatography was performed as described undemith slight modifications. NADP released from EcTHEL
Materials and Methods. The results revealed that EGTHS  was trapped and reduced with isocitrate dehydrogenase (1
was dimeric, whereas EcTI#% was monomeric both inthe  unit) and isocitrate (2 mM) in 25 mM sodium phosphate
absence and in the presence of 481 NADP(H) (not buffer (pH 7.1) containing 5 mM MgCIl. The resulting
shown). These findings agree with what has previously beenNADPH was measured as a fluorescence increase at 460 nm,
observed for the counterparts of these domains in bovineusing excitation at 340 nm. Comparison of the amount of
andR. rubrum(Yamaguchi & Hatefi, 1995, 1997; Diggle et NADPH produced with protein concentration determined
al., 1996a). with the bicinchoninic assay suggested approximately 85%

Figure 3 shows the optical spectra of ECTHSECTHS1, occupancy of ECTH&L by NADP*. Diggle and co-workers
and ECTH®2. No significant absorbance peaks around 340 found that in their domain Ill preparations froRl rubrum
nm were found in the spectra for the two purifiediomains, both reduced and oxidized substrates were present at ap-
suggesting that the reduced substrate, i.e., NADH, was absenproximately 50% each (Diggle et al., 1996a). That ECBHS
in these samples. In the spectrum for EcPdSa weak was purified in its holoform suggests that the substrate
absorbance at 340 nm indicated the presence of smallbinding affinity is high, that the exchange rate is slow, or
amounts of bound NADPH. The maximal absorbance at 267 both. These questions will be addressed in further detail in
nm was different from what one might expect from a protein the fluorescence section that follows.
containing four tyrosine residues and one tryptophan. The Using native isoelectric focusing gels, the isoelectric points
interpretation of this observation is that substrate is bound for both ECTH®1 and EcTH®2 were determined to be
to ECTHS1. In order to determine the amount of NADP  about 5.1 (not shown). In both cases, at least two bands
and NADPH present in the sample, the optical spectrum waswere present of which one was ill-defined. This may suggest
analyzed and compared to protein concentration determina-an inhomogeneity of the soluble domain population,
tions using the Peterson assay (Peterson, 1977) and thgossibly due to different conformational states. Isoelectric
bicinchoninic acid (BCA) method. The theoretical value for focusing of ECTH&2 was also performed in the presence
the extinction coefficient is 10 810 M cm™ (4 Tyr, e = of each of the four natural transhydrogenase substrates, i.e.,
5120 Mt cmt; 1 Trp,e = 5690 Mt cm™?) at 280 nm for NADH, NAD", NADPH, and NADP. The pattern of
EcTHS31. This value is probably accurate since no absor- bands, however, remained unchanged (not shown). The
bance change at this wavelength was observed upon denaresults from similar experiments with the purified soluflle
turation n 6 M guanidinium chloride (not shown). For a domain are shown in Figure 4. Two closely positioned bands
typical preparation, the Peterson method yielded 1.13 mg/dominate; their isoelectric points were about 5.7. NADH
mL, and the BCA method 1.33 mg of ECTAEmL. The and NAD' had no effect on the band distribution as
calculated [NADP]/[EcTHSA1] ratios from these results compared to only ECTH& (not shown). This was expected
were 0.73 and 1.35, respectively. Assuming that the since ECTH®L1 is not supposed to harbor an NAD(H) site.
[NADP*)/[EcTHSA1] ratio is 1, and using the extinction The two dominating bands merged into one band upon
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FicUrRe 5: Native PAGE analysis of ECTHR in the absence and
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Ficure 6: Fluorescence emission spectra of Ecp#iSn the

.
300 350

presence of added various transhydrogenase substrates. M, lovabsence and presence of added NADPH. The solid line represents

molecular weight markers (see Figure 2); lane 1, purified EQTHS
(same sample as in Figure 2); lane 2, ECBH4S- NADPH; lane
3, ECTH$1 + NADP*; lane 4, ECTHB1 + NADH; lane 5,

the emission spectrum of 1,8V EcTHS31 and the dashed line
the spectrum for 1.8M EcTHS31 and 1.uM NADPH. | indicates
the relative fluorescence intensity.

EcTHS31 + NAD™; 4 ug of protein was applied to each lane, and
each substrate concentration was 6.7 mM. A high-density Phast
gel was used in this experiment.

addition of NADPH. NADP did not have any effect, which
is consistent with th domain being purified in its holoform,
where NADP predominantly occupied the substrate-binding
site. Thus, two conformations of the ECTABNADP™*
complex were present at 2&, whereas only one conforma-
tion was observed for ECTHR-NADPH.

In order to investigate the conformational changes due to
binding of the two substrates, native PAGE gels were run Wavelength (nm)
in the presence of each NADH, NAD NADPH, and Ficure 7: Fluorescence excitation spectra of ECJHSN the
NADP*. The following points can be made from the results absence and presence of added NADPH. The emission wavelength
shoun n Figure 5 (2) as expected, nether NADH nor 8 S48 00 T Mhete e Dt ST e e o o
NAP+ had any effe(.:t on the band pattern found for the ‘ul\% EcTHS@l and the daghed line the spectrumpfor LBl .
purified ECTH$1; (b) in the presence of NADPH, ECTIA$ EcTHS51 with 1.04M NADPH added. | represents the relative
displayed one strong band with a very high electrophoretic fluorescence intensity.
mobility; it is likely that this band represents a single tight
conformation; (c) high levels of NADPalso resulted in a  suggests that the Trp residue is accessible to the surrounding
partial loss of two bands on the gel, i.e., bands b and c. It medium. However, the side chain is probably not freely
was evident from additional native gel runs that higher rotating in the solvent since maximal emission would then
concentrations of NADP than NADPH were required for  be expected at a value closer to 349 nm.
the disappearance of these two bands. After prolonged The tryptophan quenching observed upon addition of
storage of ECTHBL at 4°C, band c disappeared, and band NADPH could be a result of conformational changes, energy
b became progressively stronger which may be due to slowtransfer between the tryptophan residue and NADPH, or a
degradation; (d) possibly, EcT#%NADPH displayed  combination of the two. To determine whether resonance
slightly higher electrophoretic mobility than EcTHS energy transfer played a role, emission spectra of NADPH
NADP. in the presence and absence of EcB#H%/ere recorded using

Fluorescence Measurementa.single tryptophan residue 280 and 340 nm as excitation wavelengths. The resulting
is present in positiof415 inE. colitranshydrogenase. The fluorescence emission spectra between 400 and 550 nm are
fluorescence emission spectra in the absence and presencghown in Figure 8. The difference in fluorescence emission
of NADPH are shown in Figure 6. Emission maximum between free NADPH and bound NADPH after base line
occurred at 339 nm, a slight blue shift from the emission corrections at an excitation at 340 nm was much smaller
maximum at 349 nm observed for free Trp in water. To than that observed when 280 nm was used as the excitation
determine that the tryptophan indeed was responsible for thewavelength. Therefore, it is concluded that energy transfer
observed fluorescence, excitation spectra were collected usings the major contributor to the tryptophan fluorescence
339 nm as the emission wavelength both in the absence andjuenching observed upon addition of NADPH. However,
in the presence of added NADPH. As shown in Figure 7, the possibility that conformational changes play a role cannot
the correlation with the absorbance spectrum for tryptophan be excluded.
is evident, with the characteristic shoulder around 289 nm  The kinetics of the NADPH-induced tryptophan fluores-
clearly visible. The small contribution to the emission at cence quenching were determined (not shown). It was noted
339 nm from the peak centered around 229 nm in the that the background decrease in quantum yield was small
excitation spectrum was not considered. Excitation at 295 (approximately 10%) in comparison to the substrate-induced
nm still yielded a significant emission spectrum (not shown), quenching. After correction for this background, the rate
also supporting that the emission signal mainly arose from constant for the decay of the fluorescence vyield was
the tryptophan residue, and not from tyrosines. lodide was determined to be about 0.027*s Since ECTHB1 contains
able to quench all the fluorescence (not shown), which approximately 95% bound NADR this rate constant rep-

0 2 . . . .
200 220 240 260 280 300 320
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FIGURE8: Fluorescence emission spectra of NADPH in the absence FIGURE 10: CD spectra for ECTH®L, ECTH$1, and ECTHB1-

and presence of added ECTBIS Two spectra were recorded using NADPH. The dashed line represents ECTHS the solid line

the excitation wavelength 340 nm, one in the absence of ESIHS ~ECTHS31, and the dotted line ECTHS-NADPH. Conditions were

(curve A) and the other in the presence of EcP#iScurve B). as described under Materials and Methods.

Similarly, two spectra were recorded at the excitation wavelength

280 nm in the absence (curve C) and in the presence (curve D) ofTable 2: Secondary Structure Content of EcidSand EcTHB12

EcTHS31. The concentrations of EcTI#% and NADPH were 1.8

uM and 1.0uM, respectively. | indicates the relative fluorescence sample H) AB(%) PB (%) (%) O (%)

intensity. EcTHS1 27+ 4 20+ 4 4+3 19+ 4 30+ 4
ECTHS1 18+ 5 26+ 6 5+3 18+4 31+4

aH denotesu-helix; AB, antiparallels-sheet; PB, parallgs-sheet;
T, turn; and O, other structure. The sum of all predicted structures was
100% for each of the domains, EcTHS and EcCTHH1.

80
75 3¢
70
65
60

calculated values for protein concentration. However, that

KYAPP" was approximately 50 times greater thigf{"°""
can be stated with a greater certainty.

The rates of tryptophan fluorescence quenching due to
NADPH binding were analyzed at various pH’s for estima-

tion of (data not shown). Varying the amounts of
NADPH added, between 13 and 22 molar excess of NADPH
Ficure 9: Fluorescence quenching of EcTpiSby NADPH. The " L .
concentration of ECTH&L, calculated by the curve-fitting proce- over ECTH$1, did not alt_er the kinetics, 5999?5“”9 that
dure, was 0.6&M. Initial fluorescence intensities were normalized the release rate of NADPindeed was rate-limiting. The
to the same values in the three experiments. Other experimentaloff rates of NADP were determined to be approximately
conditions and instrumental settings were as described underg 03 and 0.007 8 at pH 7.1 and 5.8, respectively.
Materials and Methods. Fixed concentrations of NAD#Rere 6.6 Circular Dichroism Analysis. Circular dichroism is a

uM (0), 11.3uM (O), and 17.2uM (»). Lines represent the . . .
smoothed fitted curves assuming simple binding. The curve-fitting Powerful technique for evaluating the content of various

procedure is described under Results. | represents the relativesecondary structures in proteins (Johnson, 1990). As seen
fluorescence intensity. in Figure 10, both domain | and domain Ill displayed

negative CD bands centered at about 222 and 208 nm, the
resentk}4°"" if binding of NADPH is assumed to be fast latter having a more negative amplitude. These bands are
in comparison to the release of NADP The data for indicative ofa-helical structures. The overall shapes of the
NADPH-related fluorescence quenching at various concen-two spectra were similar, but the signal amplitudes were
trations of NADP, and the corresponding fitted smoothed greater for ECTH&1 than for ECTHB1, presumably as a
curves, are presented in Figure 9 (see Materials and Methodsonsequence of a greater percentageelical structure in
for experimental procedure). The curve-fitting procedure the former. Table 2 summarizes the secondary structure
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o
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was based on the assumptions that simple binding occurscontent calculated for domains | and lIl. It was found that
according to EcTHSx1 contains morex-helix than ECTHB1, 27+ 4%
versus 18t 5%, and less antiparall@-sheet structure, 20
EcTH$1 + NADPH = ECTHS31-NADPH + 4% versus 26t 6%. Calculations and protein concentra-

S tion determinations were performed as described under
that NADP" acts as a competitive inhibitor, and that paterials and Methods, with the necessary modifcation to
fluorescence intensity is the same for EcCTHSnd for the  jncjude the contribution from bound NADRo the extinction
EcTHS31-NADP* complex. In the first step in the curve-  gefficient of ECTH®1 at 280 nm (i.e.enapp* = 3960 M2
fitting procedure, both the ECTH& concentration anéy cm L + egctngn = 10 810 ML cmY). If this correction was

were allowed to vary. Then, the protein concentration was peglected, the calculatedhelical content dropped by about
fixed at the average of the three concentrations obtained from4o, and the antiparallgd-sheet content increased by about

the three fitted curves. Thereafter, the curves were refitted, 504, The results presented here together with previous CD
now allowing only for theKq values to vary. The resulting  analysis of the intacE. coli transhydrogenase (Persson et
apparenty values derived from curve-fitting were plotted al., 1991) allowed an estimation of the amountfielix in
against NADP concentration, giving &3“°"" of 27 nM the transhydrogenase portion excluded from the EaTHS
and ak"P"" of 1.2 uM (not shown). It should be noted and ECTH®1 constructions. Using 43% as the value for
that the results are very sensitive to slight alterations in a-helix content in the wild-type enzyme transhydrogenase
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Ficure 11: Thermal denaturation profiles of ECTHB in the
absence and presence of added NADPH. Symbols denmg: (
without added NADPH;®) with 43 M NADPH. At each indicated
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Ficure 12: CD spectra of ECTHE.-NADPH recorded at different

temperatures. The spectra were recorded at the following temper-
atures (in this order): 1, 20.3C; 2, 30.3°C; 3, 20.1°C; 4, 11.5

200 210

temperature, the average signal between 213 and 223 nm wasC; 5, 5.8°C; 6, 45.5°C; 7, 53.4°C; 8, 20.3°C; 9, 88.9°C; 10,
plotted (see Figure 12). Other conditions were as described underl9.9 °C. Solid lines correspond to spectra 1, 3, 4, 5, 8, and 10.

Materials and Methods.

Spectra 2 and 6 are represented by dotted lines, spectrum 7 by a
short-dashed line, and spectrum 9 by a dashed line. The concentra-

(Persson et al., 1991), and the values for the two individual tion of added NADPH was 43M. Other conditions were as
domains as indicated in Table 2, the 426 residue long described under Materials and Methods.

nonexpressed portion (essentailly domain Il) was calculated

to contain approximately 67%-helix structure. This value

could have a structural effect. However, the isoelectric

is consistent with the notion that the transmembrane-spanningfocusing results support the former suggestion.

regions are composed ofhelices.

CD spectra were collected for EcTHS in the presence
of 50 uM NADH and 50 uM NAD, and similarily for
EcTHS31 in the presence of 5M NADPH and 50uM
NADP*. This was done in order to see if structural

alterations could be visualized by this technique (not shown,

In order to investigate the denaturation behavior further,
an additional experiment was performed on the EcFHS
NADPH complex, addressing in particular the reversibility
between different conformational states. The resulting CD
spectra of this experiment are shown in Figure 12. The
spectra displayed as solid lines were collected at ap-

except for NADPH, see Figure 10). For each spectrum, a proximately 5 and 10C, and four spectra at 2. Five

new base line with the appropriate dinucleotide was recordedof these spectra looked very similar, suggesting that the
and adjusted for. In three of the four experiments, no sig- ECTHS31-NADPH complex existed as one conformation at
nificant changes of the CD spectra were detected. However,these temperatures, that there was reversibility between the

when NADPH was added to EcTIA$, a subtle but signi-
ficant change occurred. A spectrum for ECTHS NADPH

two different holoform conformational states, one observed
at 5-20 °C and the other at 3945 °C, and that there was

is shown in Figure 10, and the clearest spectral difference reversibility after heating the solution to S€. The sixth

was located in the region 19210 nm, where a 1:52 nm
shift toward longer wavelengths was observed for the
NADPH-bound state of ECTHR.. Also, there was a greater

of these spectra, which was different from the other five,
was recorded at 20C after the sample had been incubated
at 89°C for more than 20 min. The spectrum crossed the

difference between the 208 and 222 nm CD signals for zero line at about 200 nm, the same situation which was

EcTHS31 without added substrate than for the EcC S
NADPH complex. Due to the limited sensitivity of the
calculation algorithms, the small visual differences shown

observed when no NADPH had been added to the sample.
This is to be compared with 201.5 nm at which the CD
spectra crossed the zero line in the other five spectra, the

in Figure 10 do not change the calculated secondary structureSituation characteristic for the NADPH-bound form of

content significantly.
Thermal stabilities of ECTHSL and EcTHB1-NADPH

were investigated. Spectra from 200 to 260 nm were re-

ECTHSL.

DISCUSSION

corded as described under Materials and Methods. In Figure

11, the denaturation profiles for purified ECTHS i.e., con-
taining about 95% bound NADP and EcTHH1-NADPH

For the first time, major portions of the extramembranous
o-subunit, ECTH8&1 and ECTH®2, ands-subunit, ECTHB1,

are compared. The small shift in amplitudes between the of E. coli transhydrogenase have been overexpressed in the
two curves was probably a result of slight variances in base same host, purified, and reconstituted to form catalytically

line correction. What is important though is the relative
shape of the curves. The similarity is evident in the region
between 60 and 99C, whereas at lower temperatures there
are distinct differences. Thus, the structure of domain Il at
temperatures above 8C was independent of the substrate
being oxidized or reduced. EcTI#SNADPH displayed a
plateau between 30 and 40, which indicates one particular

active entities. The specific activities observed for the
normal reverse reaction and the cyclic reaction were ap-
proximately 200 and 300 times lower, respectively, under
the most favorable conditions used here, as compared to the
corresponding rates for the intdgét coli transhydrogenase.
The similar specific activities for ECTHE. and ECTH®2
show that the residues differing in the C-terminals of these

conformation. In the case where no substrate was addedconstructions are not crucial for catalysis. Domain | exists

no plateau was observed between 20 and@5 It is not

as a dimer, and there was no evidence for bound substrate,

possible from these measurements to state whether thd.e., NAD(H). The purified domain Ill was found to be

EcTHS31-NADP* complex could accommodate different

momomeric both in the absence and in the presence of

conformations, or if a release of substrate occurred which NADP(H), and its single substrate-binding site was occupied
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by NADP' (95%) and NADPH (5%). Structural information A

obtained from CD measurements revealed a greatelical

content and lowers-sheet content in ECTHEL than in B eoli
ECTHSL. Also, the information supported the presumption  =vine () sacsirvs ccsermman, esemres s ey
that domain Il is largely composed of transmembrane

o-helices. The conformational states of the ECBH#SIADP* £ coli (o) MRIG IPRERLTNET RVAATPKTVE QLLKLGFTVA VESGAGOLAS
and the ECTHBL-NADPH complexes were shown to be  »ne - creseie v mms oo o s Veacacans
significantly different. Substrate-binding studies utilizingthe * R
fluorescence properties of the Single tryptophan of ECH:HS E. coli FDDKAFVQAG AEIV..EGNS VWQSEIILKV NAPL...... DDEIALLNPG
BTrp4l5, revealed a 50 times higher affinity for NADPH bovine FSODHYRAAG AQIQ..GAKE VLASDLVVKV RAPMLNPTLG VHEADLLKTS

R. Rubrum ITDDALTAAG ATIASTAAQA LSQADVVWKV QRPMTAEE.G TDEVALIKEG
'y

than for NADF. PO -
Background of Present Workn the present investigation, E. coli TTLVSFIWPA ONPELMQKLA ERNVTVMAMD SVPRISRAQS LDALSSMANT

H . - bovi GTLISFIYPA QNPDLLNKLS KRKTTVLAMD QVPRVTIAQG YDALSSMANI
the SO'Ub'dg-SUbunlt has been kept in focus of attention. In R?v;?ﬂe)rum AVLMCHLGAL TNRPVVEALT KRKITAYAME LMPRISRAQS MDILSSQSNL
general, the structural information for the NADP(H)-binding ’ ’ T
site is at present not as detailed as that for the predicted model . coli = AGYRAIVERA .HEFGRFFIG QITAAGKVEP AKVMVIGAGY AGLAAIGAAN

. . . . . . . bovine AGYKAVVLAA .NHFGRFFTG QITAAGKVPP AKILIVGGGV AGLASAGAAK
of the NAD(H)-binding site in thex-subunit (Fjellstion et R. Rubrum AGYRAVIDGA .YEFARAFPM MMTARGTVPP ARVLVFGVGY AGLOATATAK
al., 1995). The NADP(H)-binding site constitutes a major Teroor o r e

i i i i . 11 SLGAIVRAFD TRPEVKEQVQ SMGAEFLELD ..FKEEAGSG DGYAKVMSDA
portlon Of the SO|UbI$ domaln, and It WaS belleved that iovicsel SMGAIVRGFD TRAAALEQFK SLGAEPLEVD ..LKESGEGQ GGYAKEMSKE
substrate blndlng and structural effects due to substrate r. rubrum RLGAVVMATD VRAATKRQVE SLGCKFITVD DEAMKTAETA GGYAKEMGEE
binding, possibly involved in proton pumping, could be ooy ’
favorably StUdIed in thIS reduced StrUCture Ryd$trand E. coli FIKAEMELFA AQAKEVDIIV TTALIPGKPA PKLITREMVD SMKAGSVIVD
co-workers |n|t|a”y proposed that proton pumping catalyzed bovine FIEAEMKLFA QQCKEVDILI STALIPGKKA PILFNKEMIE SMKEGSVVVD
. . . . ITEEMVT KMKPGSVIID
by transhydrogenase indeed is mediated by conformational * R:rm  JRKKGARAVL KELVKIDIAL RO T

changes in the bovine enzyme (Rydstret al., 1971, 1987,

. L . E. coli LAAON. . ... .. GGNCEYTV PGEIFTTENG VKVIGYTDLP GRLPTQSSQL
Rydstrcm, 1977) Similar mechanisms were later proposed bovine LAREA..... .. GGNFETTK PGELY.VHKG ITHIGYTDLP SRMATQASTL
also for theE. coli (Hutton et al., 1994; Hu et al., 1995) and =7 J4¥ER---- - GONCPLSE POKIV. VKRG VKIVGHINVD STVRRRATEY
R. rubrum enzymes (Dlggle et aI., 19964; YamagUChl & E. coli YGTNLVNLLK LLCKEKDG.. .NITVDFD.. ..DVVIRGVT VIRAGEITWP

Hatefi, 1997). Subsequently, it was shown by Glavas and bovine YSNNITKLLK AISPDKDNFY FEVKDDFDFG TMGHVIRGTV VMKDGQVIFP

H H .HVDKDTKT LVMKLE.... .. TVSGTC VTRDGAIVHP
co-workers (Glavas et al., 1995) that binding of NADP(H) ~ ® furum  FRGEENET P AVDTOHE S PETVSIIC (TRPGRITRY
inflicts conformational changes in the protein, as visualized =~ . . oo oaoranes vrreex (@3se)

by changes in exposure of proteolytic sites. Certain mutants wvovine APTPKNIPOG APVKDK (410)

R. Rubrum ALT....GQG A (AA384)

of BHis91, e.g.,fH91K, are locked in a trypsin-sensitive .
conformational state, possibly mediated by bound NADP-
(H) (Glavas et al., 1995). B
Relation between Soluble Domains from Different Species.
Domains | and Ill fromR. rubrumhave previously been E. coli (B286) QEV.G.E HREITAEETA ELLKNSHSVI

i 1 1 bovi {860} MEISG.T HTEINLDNAI DMIREANSIT
CharaCterl_Zed (Dlggle et al" 1995a_’b’ 1996a’b) and StUdI_ed R?Viiimm MNRSIFNVIL GGFGSEGGVA AAGGAAGDRS VKAGSAEDAA FIMKNASKVI
together in reconstituted forms with respect to catalytic (8262) (8293) .
properties (Diggle et al., 1996a; Yamaguchi & Hatefi, 1997). & coi:  17eevemava QAQYPVAEIT EXLRARGINV RFGIHPVAGR LEGHMNVLLA

ITPGYGLCAA KAQYPIADLV KMLSEQGKKV RFGIHPVAGR MPGQLNVLLA

AISO! the Corresponding soluble regions of bovine tranShy' zc.lvzi:zlearum IVPGYGMAVA QAQHALREMA DVLKKEGVEV SYAIHPVAGR MPGHMNVLLA
drogenase have been reconstituted and found to be catalyti- Horeroro :
cally active (Yamaguchi & Hatefi, 1997). Multiple sequence

. . . . . . { D DPKSPIAGMP
alignments indicate only minor differences in length between [ &2 BT SoTNTE Drmmvivion NomAAGE DeNSTIAGYS
the various domain | and Il constructs (Figure 13). Inboth & rubrum EANVEYDEVF ELEEINSSFQ TADVAFVIGA NDVINPAAKT DPSSPIYGMP
E. colidomains, histidine tag hexamers have been introduced s (pac2)

. . . . i LFF KENTHMLFGD Al

N'termma”y' Yamaguchl and Hatefi (1997) used HIS-tagged li'wicr?il zimxﬁng miizﬁ@g z:izgzinw KPNTAMLLGD AKKTCDALQA
domain Il fromR. rubrum and it did not seem to hamper R. rubrum ILDVEKAGTV LFIKRSMASG YAGVENELFF RNNTMMLFGD AKKMTEQIVQ
catalytic activities. Furthermore, it is unlikely that the lower ‘
catalytic activities found here for the reconstituted system f..iot"  oresvox (1043)
in comparison to the wild-type enzyme depend on the R rubrum AN (B464)
N-terminal His-tag in the solubla domain, since the same Ficure 13: Multiple sequence alignment of domain | and domain
His hexamer in the wild-type enzyme did not decrease cyclic Il from E. coli, bovine, andR. rubrum The E. coli sequences

reaction rates (unpublished results). Specific activities both correlate with the domains investigated in the present work, the
for reverse transhydrogenation and for cyclic reaction rates bovine sequences to the work of Yamaguchi and Hatefi (1997),
increased as the pH was lowered, in contrast to what and theR. rubrumsequences to the work of Diggle et al. (1996a)

Yamaguchi and Hatefi observed (Yamaguchi & Hatefi and Yamaguchi and Hatefi (1997). Domain | sequences are shown
1997) " in (A), and domain lll sequences in (B). The alignments have been

extracted from a multiple sequence alignment of transhydrogenases
Binding and Release of NADP(H)t has been observed from nine different sourcesEscherichia coli bovine, mouse,
that lowering the pH causes increased NADP(H) binding in humanRhodospirillum rubrumHaemophilus influenzag&imeria
the intact transhydrogenase (Bizouarn et al., 1995), a situatio tenella Eimeria acepulina, andEntamoeba histolyticarhe GCG
Snyarog . . ' ’ rbackage program Pileup was used to create the alignment. In (B),
that would stimulate cyclic reaction rates. Therefore, off B293 represents the start residue in the domain Il construction

rates of NADP and turnover numbers were investigated at created by Yamaguchi and Hatefi (1997).

* o Fhkrxkkhk  kk KKKk



11340 Biochemistry, Vol. 36, No. 38, 1997 Fjellstram et al.

various pHs. At pH 7.1 and 5_g,<yf¢DP* was approxi- for example, cause aKp shift of fHis91 to trigger proton
mately 0.03 and 0.007°% respectively, wheredsg, for the translocation events, or to change the accessibility of the
reverse reaction at these pH values was determined to bgfHis91 side chain from one side of the membrane to the
about 0.009 and 0.023% respectively. Similakevalues  Other. Reversely, changes in the protonatiofildis91 may
were determined for the cyclic reaction. These values arethen cause the same structural changes in domain I, which
curious in several aspects. First, considering the off rate of are likely to affect the relative affinities for NADPand
NADP*, 0.03 s, it is odd that ECTHBL1 is purified in its NADPH. These structural changes can be forced upon the
holoform. In addition, about 95% of the binding sites System by, for example, mutatifiis91 to a lysine residue.
contained NADP and only about 5% NADPH, even though This was demonstrated by Glavas et al. (1995), and changes
the affinity for NADPH at pH 7.1 is higher than that for in substrate affinities were indeed found. Recerfisp392
NADP™, and at least 90% of the cellular pool of NADP(H) Was found to be important for both catalytic and proton-
is present in the reduced form (Hoek & Rydstro1988).  Pumping activity, and it has been proposed to participate as
Second, at pH 5.7 the off rates and turnover numbers are@ link in a proton translocation pathway (Meuller et al.,
contradictory for the reverse reaction but not for the cyclic 1996). Itis possible that protonation of this aspartate residue
reaction, the off rates being too low. One explanation could in the reconstituted system investigated here could have a
be that interactions with domain I, either with or without role in the higher catalytic activities observed at lower pH.
bound NAD(H), may alter the rate at which NADRan In conclusion, conformational states of domain IllEn
depart from domain Ill. This process may be pH-dependent. coli transhydrogenase are dependent on whether it contains
However, if the rate-limiting steps are the same for both the bound NADP or bound NADPH. EcTHB1-NADPH could
reverse and cyclic reactions, i.e., the rate of hydride transferadopt two distinct conformations as judged by CD. Also,
or the effective concentration of active domaihilitransient ~ ECTHS$31-NADP™ could exist in at least two forms. Sub-

complex, then this would explain the parallelled behavior Strate affinities are likely to be affected by these structural
of increased activities at decreased pH. changes. Since a mixture of domain | and domain 11l was

The observed appareK values for NADP and NADPH found to be catalytically active, it is suggested that the
could be quite different from the correspondikg values conformational and mechanistic studies of the isolated
for the apoenzyme. However, it is clear that the affinity for domain Il are relevant to the intact enzyme as well
NADPH is higher than that for NADP, by a factor of about
50. This result was unexpected since the main function of ACKNOWLEDGMENT

transhydrogenase probably is to produce NADPH (Hoek & e are grateful to Dr. Lars-Erik Andreasson and Dr.
Rydstran, 1988). Itis proposed that the relative affinities \ikael Kubista for advice concerning fluorescence measure-
for NADP™ and NADPH can be altered through interactions  ments. We also thank Ann-Cathrine Smiderot for help with
with the NAD(H)-binding domain of thew-subunit and/or  protein purification.
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